Sustainability assessment (SA) is a complex appraisal method. It is conducted for supporting decision-making and policy in a broad environmental, economic and social context, and transcends a purely technical/scientific evaluation. This paper focusses on the systematisation of knowledge on technical/scientific sustainability evaluation, by addressing critical decision-making elements focussed on by domain experts. We make a distinction between integrated assessment and SA. Our systemic approach outlines how to move from integrated assessment to SA. The fundamental differences involved concern three levels: ontological, methodological and epistemological. We present a novel methodological framework for SA, based on a literature meta-review of multi-scale and multipurpose appraisal methodologies, models and indicators. SA is essentially a structured procedure encompassing different field-specific analytical methods and models, for specific applications and decision contexts. External inputs to the methodology are "values" considered in the analysis and boundaries defined, including the relevant sustainability framework. Internal methodological elements comprise approach to be adopted (e.g. "what-if" vs. "whatto"), scenario design and analytical models and measurable indicators for an operational analysis. Methods to quantify uncertainty are key ingredients of the assessment framework. The paper highlights the relevance of and policy challenges for SA development, with due attention for applicability in real-world decision contexts.
Introduction
Sustainability assessment (SA) is one of the most complex types of appraisal methodologies. Not only this does entail multidisciplinary aspects (environmental, economic and social), but also cultural and value-based elements. Besides, SA is usually conducted for supporting decision making and policy development in a broad context. Indeed, assessing sustainability is increasingly becoming common practice in product, policy, and institutional appraisals. Concepts such as "Integrated Assessment" and "Sustainability Assessment" 1 are introduced to offer 'new' perspectives to impact assessment geared towards planning and decision-making on sustainable development (SD) . Examples of current definitions of policy-oriented sustainability assessment are:
• Sustainability assessment is a methodology "that can help decisionmakers and policy-makers decide what actions they should take and should not take in an attempt to make society more sustainable " (Devuyst, 2001, p. 9) ; or
• The goal of sustainability assessment is to pursue that "plans and activities make an optimal contribution to sustainable development" (Verheem, 2002) .
Clearly, a rising concern has been voiced in scientific community and policy circles on whether various empirical examples of sustainability assessment (SA) are really adequate. In fact, they should be able to discriminate and able to evaluate in a solid and reliable manner whether new developments "meet the needs of the present without compromising the ability of future generations to meet their own needs" (WCDE, 1987) . Such concerns are often related to the intrinsic fuzziness of the sustainability concept itself (sustainable development is, like social justice, and so on, a value-laden concept that has many different dimensions and perceptions), and to the capability of addressing environmental, economic and social issues and their interactions with robust and fit-forpurpose measures (Bohringer and Jochem, 2007) . Furthermore, a distinction between integrated assessment and SA may be made, and in the present work, we aim at proposing how to move from integrated assessment to sustainability assessment. The fundamental differences are at both the ontological, methodological and epistemological levels. Performing a sustainability assessment requires integrating sustainability principles, thresholds and targets in the evaluation, as well as moving from a mere multidisciplinary to inter-and trans-disciplinary approaches. Therefore, the major challenges for sustainability assessment are related to: the need of identifying both scientific-based and policy-based demarcation line, which are able to specify a boundary between what contributes to a sustainable development and what does not; and the capability of performing the co-production of knowledge and solutions in a trans-disciplinary setting. As a matter of fact, in common practice, there are no guarantees that the option selected after an SA will contribute to a sustainable development in the sense previously defined. In particular, from a semantic perspective, sustainability assessment should aim at understanding whether the impact on the development of the ecosystem in which we live is connected to a certain element envisaged in the ecosystem itself, subject to our capability to foresee such an impact. As will be discussed in the remainder of the paper, a full understanding of the complex dynamics involved in the introduction of a new policy or product is often beyond our capabilities (at least with the current state of knowledge), especially for what concerns the impacts on social and economic spheres. This is a crucial element that has been pointed out in a review of the state-of-the-art overview of the science-policy interface addressing several bottlenecks in the linkage between science and decision making, especially when conflicting objectives are involved (Castellani et al., 2013) .
This epistemic uncertainty is generating certain scepticism about the use of the sustainability concept, not because of its underlying theory, but mainly due to the intrinsic difficulties involved in measuring it (which, in turn, allows everyone to claim to have followed its basic principles). Hence, there is the renovated urgency of clearly defining "sustainability of what, why and for whom?" (O'Connor, 2007) .
In order to offer guidance, principles for assessment and measurement are beginning to be proposed. What is known as the BellagioSTAMP (Sustainability Assessment and Measurement Principles) represents, in this context, an interesting example of such attempts. It was first developed in 1996, and, was recently broadened and revisited (Pinter et al., 2012) . These authors sought to delineate the principles and requirements of robust SA. Unfortunately, most case studies assessing sustainability and adopting the common triple bottom-line (TBL) approach still end up comparing different alternatives on the basis of indicators (more or less) casually 2 chosen from among various alternatives in the three pillars of sustainability (namely economy, environment and society), without deepening the analysis of potential interconnections between the pillars.
In this vein, the present paper tries to sketch a first comprehensive (as far as possible, given the vast literature on this matter) procedural methodology, which aims to overcome vagueness and subjectivity in favour of a transparent, robust and flexible assessment. The methodology is developed in line with the main challenges posed by sustainability science and by the sustainability methods developed in recent years. Transparency in values and in the choice of analytical tools, robustness in the analytical steps, and flexibility in the decision context of application are all discussed as key elements of the framework.
The methodological framework can be used for the assessment of both new and existing policies and measures, as well as for understanding the impact of the production and/or consumption of goods and services, and the efficiency/effectiveness of sustainable management strategies put in place by public bodies and private companies. It considers values and sustainability principles as preliminary choices in the definition of the sustainability framework on which the assessment will be based. In addition, it follows the assessment principles outlined by the research activities connected with BellagioSTAMP. Finally, it tries to translate principles and underlying concepts into the implementation of the analytical tools that will be used for the final sustainability assessment. The role of the various elements of the framework is to make the analyst aware of several possible variables that will influence the final result of the analysis. As a checklist, it aims to ensure that no decision variables have been neglected. The reader will easily appreciate that the methodology proposed here represents a support for day-today practice in order to assure completeness, comprehensiveness, and transparency of the assessment. At the same time it makes the procedure for SA as complex as it should be.
The overall methodology proposed in our study aims at ensuring comprehensiveness and robustness of the evaluation supporting the decision-making process. The decision-making process itself is beyond our scope, as this adds an additional layer of complexity which goes far beyond the technical/scientific evaluation of the three above mentioned sustainability pillars. The present paper focusses on the systematisation of knowledge regarding the technical and scientific sustainability evaluation, by addressing the decision-making elements and advocating those that are focussed on by domain experts.
The paper has the following structure: Section 2 offers a concise discussion of the state-of-the-art in sustainability science and assessment, with specific reference to the emerging debate on what the role, scope, and objective of SA should be. In Section 3, the proposed methodology for sustainability assessment is presented and described. Section 4 further specifies how to operationalize the assessment. The concluding section provides the main outcomes of the paper, and proposes some points for further discussion, specifically regarding concerns of the authors on the actual possibility of performing a complete sustainability assessment.
State of the Art in Sustainability Science and Assessment
Urgent and complex problems are challenging earth systems and humankind, and are rising as a consequence of human-nature and human-human interactions. There is an increasing concern, regarding the capability of the "normal sciences", to tackle and provide reasonable and reliable solutions. The complexity and the multidimensional facets of sustainable development are pushing the scientific community to find new models and paradigms, leading, in recent times, to the emerging field of sustainability science, whose domain was set by seven core questions identified by Kates et al. (2001 and updated by Kates in 2011) , and by the conceptualisation of Komiyama and Takeuchi (2006) .
Since then, the global scientific awareness of long-term threats to our vulnerable ecosystems has called for the development of a new discipline: sustainability science. Four main definitions of sustainability science can be derived from our review:
• an advanced form of complex system analysis aimed at enhancing the understanding of the coupled human-environment conditions through advanced analytical-descriptive tools (Turner et al., 2003) ; • a transformational agenda, addressing "the research community needs to complement its historic role in identifying problems of sustainability with a greater willingness to join up with the development and other communities to work on practical solutions to those problems" (Clark and Dickson, 2003, p. 8059 ); • sustainability science embodies the scientific possibility of transcending the reductionist analyses of the traditional sciences by means of a holistic approach to problem-solving, based on a systemic design and mapping of contemporary long-range phenomena, in both the economic and social domains and in environmental, political, and ecological areas (Osorio et al., 2009 ); • sustainability science is a solution-oriented discipline that studies the complex relationship between nature and humankind, conciliating the scientific and social reference paradigms which are mutually influenced, and covering multi temporal and spatial scales. The discipline implies a holistic approach, able to capitalise and integrate sectorial knowledge as well as a variety of epistemic and normative stances and methodologies towards the definition of solutions .
Actually, as a problem-and solution-orientated field, epistemologically, sustainability science is based on the concepts of use-inspired basic research, post-normal and mode-2 science (Stokes, 1997, Funtowicz and Ravetz, 1993; Gibbons et al., 1994) . The elements underpinning this new discipline and the corresponding research practices are transdisciplinary, community-based, interactive, or participatory approaches (e.g. Jahn, 2008) .
The sustainability concept, from a disciplinary perspective, transcends the subject-object relationship of traditional science and introduces a relational component as the object of the study, in which the spatio-temporal dimension and the contextual environment for that relationship are addressed. Clearly, modern science shows a growing interest in of the rise of ever-increasing complex and dynamic challenges in our world. Traditional science is increasingly regarded as being unable to deal with and to provide effective and useful answers to those challenges (Osorio et al., 2009 ). Furthermore, new science-society interactions are crucial, and lead to multiple forms of knowledge and the synthesis of theory and practice intended to resolve pressing societal problems through collaboration among scientists from different academic disciplines and with other stakeholder groups (business, government, civil society) .
Moreover, the conceptual break introduced by sustainability science has also fascinated a wider audience thanks to the clear objective with which it is coupled: "meeting the needs of the present without compromising the ability of future generations to meet their own needs" (WCDE, 1987) . The powerfulness of this objective has further increased in recent years as the even more frequent economic turbulences and environmental disasters have revealed the fragility of our planet and the shortcomings of a development model that for many years has been blindly considered as fully acceptable.
Therefore, having the ultimate objective of sustainability science clearly in mind, in order to perform a coherent sustainability assessment, according to Sala et al. (2013) , the current research challenges call for:
• adopting a holistic approach for understanding the dynamic interactions between nature and society, and assessing vulnerability and resilience of complex social-ecological systems; • moving from multidisciplinarity, via interdisciplinarity towards transdisciplinarity. Multidisciplinarity is characterised by the unintegrated application of more than one disciplinary methodology to analyse a topic from different perspectives (Wickson et al., 2006) ; interdisciplinarity integrates methods, concepts, and theories, transferring them from one discipline to another to achieve a common understanding of complex problems (Wickson et al., 2006) , while transdisciplinarity is characterised by (Lang et al., 2012) :
o functional integration of different methodologies and epistemologies; o co-production of knowledge through the collaboration and participation of different stakeholders; o strong links with the specific social/local context and institutional setting from where sustainability problems originate; o inclusion of relevant values and common goods perceptions in the identification of the solutions (subjective and normative dimensions);
• having a normative function (the capability to provide direction through visions and goals). Sustainability science addresses normative issues on how interlinked human-environment systems would operate and look like if they complied with a varied set of valueladen aims and objectives. Moreover, it also addresses the strategic and operational questions of what viable transition pathways could be identified for coupled human-environment systems and strategies for finding solutions to sustainability problems (Wiek et al., 2012a) ; • promoting social learning and mutual feedback (learning through doing and doing through learning) leading to co-production of knowledge with other stakeholder groups such as business, politicians, and society in a common process of problem identification and resolution.
(The current debate is often on how far the sustainability science endeavour has fulfilled the claim and promises of its transformational function; see Wiek et al., 2012a , Wiek at al., 2012b ); • dealing with uncertainties. Adopting a probabilistic approach for the assessment of scenarios is essential to achieve robust decision making (Funtowicz and Ravetz, 1993) .
Unfortunately, these characteristics, although acknowledged by many practitioners in the field, are rarely found in the available empirical examples of SA. As already pointed out in Pope et al. (2004) , many examples of SA are "only" examples of integrated assessment that have been "extended to incorporate social and economic considerations as well as environmental ones, reflecting a triple bottom line approach to sustainability". As a result, also noticed by the same authors (Pope et al., 2004) , options assessed in this light might also "not result in sustainable practice". Yet the reason for this apparent contradiction lies in the very origins of the SA concept, which basically derives from environmental impact assessment (on both public and private plans and projects) and strategic environmental assessment (for policies and long-term programmes) in order to also include social and economic aspects (Pope et al., 2004) . However, as clearly pointed out by Pope (2006) , this idea immediately legitimates, for example, the trading-off of the environment for economic gain and the perceived social benefits (and, of course, all possible permutations of the three sustainability pillars in this concept). This legitimation is also supported by the weak sustainability perspective (Gutés, 1996) according to which there is full substitutability between human capital (incorporating resources like infrastructure, labour and knowledge) and natural capital (which covers the stock of environmental assets like biodiversity and other ecosystem services). In this light, as reported by Pope (2006) , SA is seen by many authors as a potentially "retrograde and dangerous step".
To overcome this criticism, in the present paper, we advocate transparency as the decisive means to acknowledge the richness and complexity of the sustainability concept. In our view, for example, before carrying out an SA, it is necessary to define clearly the sustainability framework, defined as the "rationale and the structure for the integration of concepts, methodologies, methods and tools" . If an assessment is performed in a weak sustainability framework, the trade-offs are acceptable, but the authors take the responsibility for this assumption. A methodological procedural framework for SA is thus developed and presented here in order to embody the prerequisites previously described, and to overcome the potential criticisms of the approach.
In this light we postulate that the fundamental differences between SA and other integrated assessment methods can be identified at three levels:
• Ontologically, as SA calls for comprehensiveness in the assessment and for the integration of the carrying capacity of the systems under assessment (being environmental or socio-economic systems) in order to define boundaries/thresholds of sustainability; • Methodologically, as the mutual feedback and interactions between environmental and socio-economic systems should be modelled and assessed through specific methodologies; • Epistemologically, as the shift to post normal science requires a different perspective concerning the science-policy interface. SA, being value-laden and intimately related to cultural perspectives, has a political character. This calls for a concrete contribution and involvement of stakeholders in all steps of the process.
Methodological Framework for Sustainability Assessment

Architecture
Sustainability science needs to link science to actions. These actions, being policies, planning, or products, need to be evaluated in order to define the degree of sustainability through sustainability assessment (SA). We will first present the architecture of sustainability assessment.
As pointed out, the aim of the present article is to design a conceptual framework that would allow any researcher or practitioner involved in an SA to follow logical, consistent procedural steps. A schematic representation of the methodological framework that we developed is presented in Fig. 1 . The framework encapsulates two main parts: (i) the SA principles; and (ii) the SA procedure. A brief discussion of the different elements is provided below.
Sustainability Assessment Principles
Next to the sustainability principles (Section 3.3.1.2), there are other principles to be taken into consideration in the assessment. From among the possible alternatives, we have chosen to consider the principles of BellagioSTAMP as they represent the results of a harmonisation among several field experts and they were those most consistent with our ideas. These principles were originally developed by a group of measurement practitioners in 1996, and recently updated in 2012 (Pinter et al., 2012 pp. 22, 23 and 24) . The definitions provided by the authors for the different principles are as follows: 1) Guiding vision. Progress towards sustainable development should be guided by the goal of delivering well-being within the carrying capacity of the biosphere and ensuring it for future generations.
2) Essential considerations. Underlying social, economic and environmental components of the system as a whole should be taken into account as well as the interactions thereof. This includes issues related to governance; the dynamics of current trends and drivers of change, and interactions thereof; the risks, uncertainties, and activities that can have an impact across boundaries; and the implications for decision making (including trade-offs and synergies). 3) Adequate scope. The assessment of progress towards sustainable development should adopt an appropriate time horizon, to address both short-and long-term effects of current policy decisions and human activities, and an appropriate geographical scope, to capture both their local and their global effects. 4) Framework and indicators. SAs should be based on: a conceptual framework as basis for identifying core indicators and related reliable data, projections and models; the most recent data in order to infer trends and build scenarios; standardised measurement methods wherever possible, to ensure comparability. Finally, the comparison of indicator values with targets and benchmarks has to be performed, where possible. 5) Transparency. In the context of SAs, transparency of data and data sources, models, indicators and results is crucial, as well as public accessibility to the results. Choices, assumptions and uncertainties which determine the results of the assessment have to be clearly Fig. 1 . Schematic representation of the conceptual framework for sustainability assessment. Key elements, which distinguish sustainability assessment from integrated assessment, are reported in dark green colour.
reported and explained. Equally, sources of funding and potential conflicts of interest have to be disclosed. 6) Effective communications. SAs should be required to use clear and plain language, to ensure effective communication and to attract the broadest possible audience as well as minimise the risk of misuse; for building trust and aid interpretation, information should be presented in a fair and objective way as well as supported by innovative visual tools and graphics; 7) Continuity and capacity. SAs require that they are complemented by a continuous monitoring phase. Therefore, repeated measurement as well as responsiveness to change are needed. Investments are therefore necessary to develop and maintain adequate capacity (via, for example, continuous learning and improvement). 8) Broad participation. SAs should find appropriate ways to strengthen legitimacy and relevance, engaging early on with users of the assessment, reflecting the views of the public while providing active leadership.
These principles are crucial, because they can very fruitfully guide the practitioner performing the assessment by ensuring that what is performed is not just a simple integrated assessment but an effective SA.
In our opinion, a very specific requirement of sustainability assessment is the stakeholder's involvement (including the "broad participation" principle). It should be embedded in all steps presented in Fig. 1 , in a trans-disciplinary setting, leading to a co-production of knowledge from problem definition towards solutions .
Sustainability Assessment Procedure
The SA procedure comprises several steps, based on the definition of: the approach to sustainability, the sustainability targets, the decision context and the methodological choices for the assessment, as presented in Fig. 1 at the beginning of this section.
Approach to Sustainability
An important input for the SA is the approach to sustainability adopted by the organisation or stakeholder requiring it. As an example, the assessment will be different according to whether sustainability is seen from a weak or strong perspective. In Fig. 1 , we see the approach to sustainability characterised by two aspects: (a) values; and (b) sustainability principles.
3.3.1.1. Values. The effectiveness of SA is often highly questioned, in view of the value-based nature of the assumed goal (sustainable development) and because effectiveness itself can be determined on the basis of a number of different theoretical framework without a specific guarantee of sustainable outcomes (Bond et al., 2011) . In practice, the selection of an appropriate evaluation method is often done by expert(s), without a clear regard of the values of the stakeholders affected. According to Gallopin (2001) , a multiplicity of legitimate perspectives is one of the key features of complex systems. This diverse set of perspectives incorporates the joint role of the individual perspectives from which a systemic phenomenon is distilled during the solution searching process. It requires mapping out the distinct contexts in which the phenomenon and trend can be understood. Hence, by the choice of an analytical method, the expert or analyst essentially "subscribes to" and ultimately "enforces" a specific world view as the legitimate measurement tool by which to assess the sustainability performance of a particular project/plan/programme (Gasparatos, 2010) . No methodology/ method/model could avoid being the result of a certain scientific, cultural and political/institutional milieu. Notwithstanding the necessity to have the most objective assessment, a transparent presentation of values behind the assessment is crucial for ensuring credibility and robustness of the sustainability assessment methods (e.g. strong versus weak sustainability, and the clear definition of the guiding vision and perspective).
3.3.1.2. Sustainability Principles. The different values are then differently translated and considered by the different contexts requiring the analysis. For example, well-known sustainability principles are: the precautionary principle; irreversibility; regeneration; substitutability; critical loads; the holistic approach; the polluter pays principle; intergenerational equity; good governance (that is, subsidiarity, proportionality and public participation).
In these principles, several elements and several visions can be distinguished. For example, the planetary boundaries indicated in Rockström et al. (2009) may represent important principles that must be respected no matter what the specific cultural and socio-political driven values are. In addition, principles may have different sources and perspectives which also depend on the geographical region in which they are developed (the sustainability principles as they are understood in the U.S., Europe and East-Asia may be considerably different because of the deep cultural peculiarities and differences associated with these areas). Traditional and more recent sources of principles are, for example: Agenda 21 (UN, 1992) ; the Millennium Development Goal (UN, 2000) ; the EU Sustainable Development Strategy (CEC, 2001) ; the EU Flagship policies 2020 (CEC, 2010); the report Resilient People, Resilient Planet: A future worth choosing (UN, 2012); and so on.
Values and sustainability principles define a sustainability framework. As already pointed out, there are different sustainability frameworks. In order to provide the reader with a practical example, we report the different sustainability interpretations outlined in Patterson (2010, p. 2):
(1) ecological interpretations tend to emphasise the ideas of: threshold; the steady state (although this is hotly disputed); carrying capacity; interdependence between ecological processes; and the idea that the socio-economic sub-system is embedded within the global biophysical system; (2) economic interpretations tend to emphasise the idea of social welfare and the external environmental costs associated with economic activity, as well as the principle of intergenerational equity through the use of capital theory; (3) thermodynamic and ecological-economic interpretations accept the essence of many of the ecological interpretations, but go further by situating ecological sustainability in the context of the entropic nature of economic-environmental interactions; (4) public policy and planning theory approaches to sustainability emphasise the social, institutional, economic and environmental aspects of sustainability within a framework that seeks to achieve a "balance" or an "integration" of these factors.
Independently of the interpretation, the sustainability framework described here has to be translated into some sustainability targets, with which the results of the assessment will be compared. It is worth underlining that, in our opinion, there is no reason to talk about SA if no sustainability targets are defined.
The necessity to identify these targets, together with the recognised political character of the SA, prompts several issues. Firstly, one may argue that they might be exogenously identified by an intergovernmental body (like the United Nations), and assigned to the different countries and/or different economic sectors. If supplied with a robust participatory process, this approach should be able to achieve satisfactorily shared results. Another option would be to have the targets assigned at the lower level, endogenously to the procedure: namely, by the individual opinion of the agent who is performing the SA. In this way, the transparency of the procedure is met and the regulator (namely, any actor involved) may act to question the validity and the robustness of the target defined. With this approach, after a transition period, as soon as an increasing number of assessments propose them, targets are likely to be self-standing and self-updating with respect to the evolution of environmental, economic, and socio-cultural trends.
Both approaches have possible benefits but may imply considerable risks. It is premature to propose a solution at this moment. It is more plausible to stimulate a broader discussion on this topic.
Decision Context
This phase of the assessment represents the mirror image of the approach to the sustainability of the external input. In particular, the analyst should filter and translate in practical terms the sustainability framework identified by the context of assessment. In this way, all possible fuzzy messages received for the analysis are de-fuzzyfied (translated) into a quantitative decision context. The decision context can be conceptualised in various forms. In Fig. 1 , we basically acknowledge the approach proposed by Moberg (1999) . In particular, the fundamental aspects to be considered are the following: (a) the actor (and therefore the assessment framework must take into consideration the subject of the assessment as defined by the assessment driver); (b) the scale of the assessment; (c) the complexity of the decision; (d) the uncertainty of the decision (here the assessment framework evaluates the first source of uncertainty defined later in Section 3.3.3.2); (e) the time horizon in which the impacts are foreseen; (f) the activity affected by the decision (e.g. investment, decommissioning, planning, maintenance, etc.); and (g) the impacts of interest.
An SA can be carried out in several contexts and can have different objectives. It may be used to assess the impact on sustainable development of different policies and measures proposed at the political level, but it can also be used to assess whether a certain company or public institution is contributing to sustainable (or unsustainable) development, and whether the consumption/production of a certain product or service is sustainable or not. In all these cases, the SA can be carried out in a similar fashion, but each case will influence the different phases of the assessment (for instance, in the SA of a certain product, it is likely that a life cycle perspective will be adopted, while this is not necessarily the case for the assessment of certain policies, and, of course, the modelling framework implied will also be different).
In addition, another key issue to be defined in the decision context is the approach adopted to carry out the SA. In decision theory, two main approaches can be considered: the threshold approach (sometimes known as the "what to" approach, which identifies targets) and the scenario planning (also known as the "what if" approach).
The former approach should be preferred when there are boundaries that, if crossed, can lead to major consequences (Polasky et al., 2011) . This is the case, for example, for CO 2 concentration in the atmosphere and climate change. The main risk associated with this approach is that focussing only on thresholds can give the misleading impression that "degradation below the threshold level is safe and improvements beyond it are of no value" (Polasky et al., 2011) . In addition, most of the thresholds hide considerable levels of uncertainty that are difficult to quantify, so that relying only on some fixed values may not turn out to be worthwhile. For this reason, any threshold should always be considered together with the level of confidence that has been assumed in its definition (and preferably also its probability distribution).
The latter approach focusses on the identification of different plausible scenarios. Scenarios are a set of possible futures that are evaluated on the basis of different criteria. In SA, scenarios need to be evaluated using criteria pertaining to the three different pillars of sustainability. In this way, it is unlikely that a scenario would be found that outperforms all the others over all criteria adopted (Pareto optimality). For this reason, even with different approaches, in most cases, a single indicator is evaluated as a weighted combination of the criteria (e.g. multi-criteria assessment).
At the end of this phase the analyst needs to have gathered all possible elements in order to identify the best possible framework for undertaking the assessment.
Methodological Choices for Performing the Assessment
The selection of the most appropriate approach has to be evaluated case-by-case, and will influence the final phase consisting of the pure assessment framework. This is the core of the SA framework. It is composed of different phases:
-identification of the most suitable assessment methodologies (and related methods, 3 models, tools, and indicators); -sensitivity and uncertainty analysis of the assessment framework; -definition of monitoring strategies to track progress towards sustainability.
We adopted the terminology as in Sala et al. (2013) acknowledging a hierarchically different role of each element. In particular, the framework is the rationale and structure for the integration of concepts, methodologies, methods and tools; the methodology is a collection of individual characterisation methods, which together address the different environmental, economic and social issues and the associated effect/ impact; the method is a set of models, tools and indicators that enable the calculation of the values of indicators for a certain impact category; the model is the mathematical description of the system and it is used to calculate a particular indicator of the impact of environmental/social/ economic interventions; the tool is the software, application, database supporting the analysis done by adopting a specific method and the related models; and the indicator is a measurable parameter, or a numerical value derived from such parameters, which highlights, provides information on, or maps out the state of a phenomenon, with a meaning reaching out beyond that directly associated with its value (OECD, 2003) . The parameter could be quantitative, semi-quantitative, or qualitative and is derived from a model, often through a tool.
In the following, we describe the principles for the identification of the most suitable methodologies and of sensitivity and uncertainty analysis. Since it will involve all phases of the assessment, a specific section to briefly describe the principles of the stakeholders' involvement is also provided. For what concerns the definition of monitoring strategies, in line with the continuity and capacity assessment principle, we argue that an SA should also identify all possible indicators that need to be monitored to assess progress towards the objectives of the study.
Identification of the Most Suitable Methodologies.
A good categorisation of available methodologies and related methods is of paramount importance in order to identify the most suitable means for the assessment. A plethora of indicators, methods/methodologies and models for SA have been developed over the last 30 years. The majority of these were applications of approaches developed in other contexts, and then transposed within SA. In the literature, the methods were extensively reviewed in order to identify specific criteria for their categorisation. These criteria were based on a specific definition of SA, and on a clear definition of intrinsic ethical and cultural inherent values. In our research, we selected a number of papers in order to compile a list of criteria for discrimination of whether a method is capable to fulfil requirements of a robust sustainability assessment.
The papers were chosen selecting those which: reviewed existing SA methods, comparing and contrasting existing SA methods in order to highlight critical areas and suggestions; and defined features and peculiarities of SA methods, provided list recommendations for improving the SD-directedness of assessments. The full list of features and criteria assessed by selected papers Gasparatos et al., 2008; Ness et al., 2007; Hacking and Guthrie, 2008; Mayer, 2008; Thabrew et al., 2009; Singh et al., 2011; Kissinger et al., 2011; Jeswani et al., 2010; is reported in SA, covering ontological, epistemological and methodological aspects.
This meta-review highlighted that among the current adopted methods, only a few were developed specifically for application in sustainability assessment, reductionism is still the dominant paradigm for sustainability assessment (Gasparatos, 2010) , and few methods are comprehensive in dealing with a cross-pillar integrated assessment.
On the basis of the above review, we have elaborated the categorisation scheme reported in Fig. 2 , representing a spectrum of criteria for assessing the capability of methods to address sustainability.
Even if presented in the abovementioned papers, the features of methods, models, indices and indicators that are purely methodological are not discussed here. In fact, methodological elements are crucial for the robustness of the assessment, but they are not peculiar from sustainability assessment methods as they may apply to all scientific context and methods. For instance, as discussed by Mayer (2008) , policy decisions may become ineffective or even counterproductive if such decision do not regard factors with an influence on index behaviour: the scale of the data available and the choice of system boundaries; the inclusion, transformation, and weighting of indicator data; and the aggregation method employed. This may also apply to methods developed outside SA and applicable in a general context whereas there are other aspects explicitly developed for SA.
Here, we report criteria that are strictly related to the SD-orientation of the methodology itself, such as:
• the boundary-orientatedness (starting from no reference adopted, up to combining science-based and policy based thresholds) • the comprehensiveness (from covering one pillar up to three or more pillars) • the integratedness (from a mono-disciplinary, sectorial approach up to a trans-disciplinary, inter-sectorial and participated approach) • stakeholders' involvement (from mere communication, up to close interaction in all phases of the assessment) • scalability (from local, specific and with limited time frame approaches, up to methods capable to deal with multi temporal and multiscale aspects) • strategicness (from mere accounting methods, up to methods that already integrated sustainability principlese.g. life cycle thinkingand true solution orientated/change orientated methods) • transparency (from close model to open model in which values are also transparently reported)
Specifically, for the integratedness, in the scheme shown in Fig. 3 , the relative position of common methods is reported as examples. For the purpose of our SA framework, we made a categorisation of methods based on: addressing one or multiple pillars; being integrated within one pillar to ensure the comprehensiveness of the assessment (e.g. the carbon footprint is a procedure for measuring the amount of greenhouse gasses, but cannot be considered to be as comprehensive as Life Cycle Assessment, which covers over 15 different impact categories, ranging from climate change to eutrophication, toxicity-related impacts, and so on, EC-JRC, 2011); being integrated, covering the three pillars (e.g. a dashboard of sustainability).
More specifically, following the principle of Figs. 2 and 3 , we have outlined here three approaches to the identification and selection of suitable methodologies and related methods for sustainability assessment, to be applied in the specific case/context:
• the reductionistic approach, in which the results of several models and tools are combined, covering the three pillars; • the holistic approach, in which methods and models specifically developed for SA are chosen, in order to assess the emergent properties of the socio-ecological system affecting the problem/issue being evaluated;
• the combined approach, in which in the framework of the holistic approach to the evaluation, the reductionistic model and methods are used to delve into some specific theme/issue within the assessment.
In the context of SA, the analyst often needs to combine different methods, models and indicators. The main challenges that we identified in the combination/integration of these SA methods are:
• How to combine different tools/methods (from concepts to data), assuming that, from multidisciplinary and interdisciplinary perspectives, such a combination might be feasible and meaningful, and the results robust (see, e.g. Castellani and Sala, 2012) ; • How to set hierarchically-different tools to assess and measure the emergent properties of the socio-ecological systems at hand (specifically developed for tackling sustainability problems); • How to address uncertainty propagation;
• How to assure the Galilean replicability/comparability of the evaluation, especially considering that SA implies dealing with complexity and non-linearity, presenting a dynamic variation of the system rather than a linear relationship of a cause-effect type (Gallopin, 2001) ; • How to ensure transparency.
Dealing with Uncertainty in Sustainability
Assessment. For both the definition of the thresholds and the appraisal of the different scenarios, a sophisticated analysis is required. Regardless of whether a method adopts modelling/simulation-based approaches or experience-based approaches (e.g. by means of time series analysis or structural/morphological analyses), it requires an in-depth understanding of how the world behaves, especially in terms of reaction to the pressure imposed by society. This is even more significant, as we consider the world in which we live as a complex system, involving many sub-systems closely inter-related with each other. In this context, the widely adopted ceteris paribus condition for modelling many physical systems can hardly hold (Nijkamp, 2007) , and uncertainties rise as soon as we try to understand the system (Saltelli et al., 2008) .
However, sometimes uncertainty is used to hide or neglect a problem. As an exemplification, we may describe what happened with climate change. The climate change issue was neglected for years before being really considered. Many sources of uncertainty do indeed exist, such as: uncertainty about the probability of counter-effects; uncertainty about the long-range effects; uncertainty about the speed of changes; uncertainty about discontinuities or disruptions; uncertainty about the degree of effectiveness of policy tools and so on. Focussing attention on the possible sources of uncertainty has been the way to delay policies needed to reduce greenhouse gas emissions (Hansen, 2009) . It is straightforward that, in this case, all sources of uncertainty arise from the attempt to model several complex processes, such as the climate response to natural and anthropogenic forces and its impact on society, often mixed in a complex way.
The climate change example is useful to understand how identifying and dealing with the different sources of uncertainty that may arise in SA is important to increase the robustness of the assessment itself. Otherwise, there is the risk of depriving the concept of sustainability assessment of any practical utility. This means that any technical study a report on sustainability assessment aiming at supporting decision making needs to consistently and systematically assess uncertainties, both of drivers of impacts and of benefits associated with policy options. The authors recognise that this might require a lot of effort and a great capability in understanding all the complexities of the question to be analysed. However, uncertainty is, indeed, a big issue, especially for policy makers. It can confuse them, but it can be made policy-relevant if the results are translated into the likelihood that policy targets will be met. Nonetheless, the uncertainties in sustainability analysis have to reflect with different stakes, power and conflict -political, economic, social etc. Policy makers, therefore, have to choose either to accept the risks, or to take actions that increase the certainty that targets will be met. Basically there are two types of policy risks: (i) doing too much; or (ii) doing too little (and being confronted later with irreversible environmental problems). The acceptance of the different types of policy risks will depend on the preference of the politicians and the priorities they give to environmental, social and economic stakes. The careful politician will easily realise that policies can be made more robust when risks are acknowledged and adaptations are made to minimise the risks (or to define a strategy on how to respond if risks really occur). This issue is analysed in more detail in Huesemann (2002) .
There are different ways of dealing with uncertainties and a thorough description is beyond the scope of the present work. The interested reader is referred to Boschetti (2011, again on climate change) or to the framework defined by de Rocquigny et al. (2008) . Furthermore, for an additional discussion on the risks connected with the lack of an uncertainty management, the reader is referred to the work of Pappenberger and Beven (2006 Thabrew et al. (2009) , the following criteria may be considered suitable for performing an SA, considering that methodological choices are not only related to the stakeholders' acceptance but also to the stakeholders' potential involvement in the assessment process: (i) allow for stakeholder interaction at all stages of the process; (ii) promote consensus building for joint projects; (iii) support stakeholders to have transparent access to information so that they can examine the assumptions made and the projected outcomes of decisions; (iv) enhance the communication of results and impacts to the stakeholders in a clear and easy way. Approaches developed in the context of post-normal science and aiming at trans-disciplinarity seek to enlarge stakeholder's involvement. It is clear that the selection and legitimacy of stakeholders is a critical element and that this is one of the most important challenges of any appraisal related to sustainability . Examples of stakeholders' involvement in the different steps of decision making in the context of sustainability are: setting sustainability objectives with stakeholders in mid-term planning at a local scale (e.g. Castellani and Sala, 2009 ); integrating stakeholders' requirements in technology sustainability assessment (e.g. Sala and Castellani, 2011) ; and involving supply chain stakeholders in an eco-innovation strategy (Nakano and Hirao, 2011) or in project development and assessment (Narain Mathur et al., 2008) .
The stakeholder involvement has, therefore, to be seen as an important means to make the whole assessment process more effective and contribute to the attainment of a consensus. New technologies are also opening new perspectives in stakeholder consultation, for example, by providing fast and effective visualisation tools which are able to show the effect of the assessed options.
Conclusions and Discussion
In the literature, a broad range of different appraisal processes is described under the heading of sustainability assessment (SA). Nevertheless, current SA practices need a robust framework to overcome concerns recognised in the scientific community regarding whether the various available examples of assessment are really comprehensive and robust, moving from integrated assessment towards an SA. Increasing comprehensiveness and robustness of assessment may (continued on next page) fulfil the "transformational" role request to sustainability science. Hence, SA could be seen as leverage for effectively promoting sustainability and not only for evaluating its progress and/or comparing options. In this context, the aim of our methodological framework is not to define an 'ideal' SA methodology but to define key steps as minimum requirements that underpin a comprehensive SA, in which the ontological, epistemological and methodological foundations of sustainability science are recognised, therefore: sustainability is assessed by considering science-based and/or policy-based thresholds; transparency is ensured by reporting background values; trans-disciplinarity informs the appraisal through the co-production of knowledge with stakeholders (in terms of problem definition and solution); and credibility is reinforced through the adoption of robust uncertainty and sensitivity assessment tools. This may also help to map out the steps forward. Considering that SA has to fulfil at least three main features of sustainability science: inter-disciplinarity; its foundation on a holistic perception of reality; and collaboration in scientific research; several challenges have still to be tackled. The following issues are, in our opinion, of paramount relevance:
• Developing methodologies and related methods and models able to move from multi-disciplinarity and inter-disciplinarity towards trans-disciplinarity and holism, in order to identify the emergent properties related to sustainability problems; • Accounting for multi-geographical and temporal scales ranging from local to global issues , and allowing the development of backcasting and forecasting scenarios; • Being aware that many issues in the integration of methods and models are still open questions for the research community, especially regarding the paradox of seeking replicability and comparability while dealing with extreme complexity and non-linearities in the assessment, leading to what is referred to as "irreducible uncertainty" (Gallopin, 2001 ); • Developing suitable procedures and methods for broadening and better targeting stakeholders' involvement and commitment across the procedure, moving from consultation towards coproduction of knowledge and share-responsibilities; • Evolving and clarifying the goals of the integrated assessment (from avoiding negative impacts), to proactively enhancing positive impacts.
This implies incorporating sustainability goals, moving from the comparative/analysis-orientated approach to a much broader solutionorientated approach and scope.
The proposed methodological framework for SA presented in this study is a beginning towards tackling the above-mentioned critical issues. An effective evolution of the methodology needs a broader involvement of the three communities mentioned by Pinter et al. (2012, p. 26) : "(i) the communities involved in developing alternative metric systems; (ii) the communities focussed on integrated assessment and reporting; and (iii) those practising project or policyfocussed evaluation".
On the basis of the meta-review of methods presented in Section 3.3.3.1, for the first community (i) involved in developing methods, developers need to consider which ontological, epistemological, and methodological aspects have to be covered by existing and new methods that handle SA . The second (ii) and the third (iii) communities are at the science-policy interface, and are broadly involved in the selection of adequate methods, models and indicators, and in the transparent reporting of assumptions and uncertainties. Only the co-production of knowledge within (at least) these three communities could support relevant progress in SA and, to a greater extent, in sustainability mainstreaming.
In Section 2 we acknowledged that the fundamental differences between SA and other integrated assessment methods could be identified at three levels, namely ontological, methodological, and epistemological, towards the need for capturing complexity while ensuring transparency, comprehensiveness, completeness, and legitimacy.
Finally, the recognised political character of SA opens the delicate issue concerning who may be really entitled to undertake it. Indeed, before any actor starts to assess the effect of a certain policy, product or body on sustainable development, there is the necessity to identify clear and well-founded targets at the level of the technical and scientific analysis to be used for supporting decision making. The authors cannot yet give a clear unambiguous clue on this issue. It is plausible, however, that the identification of targets should not necessarily follow a top-down approach, but, on the contrary, should originate from the bottom (in order to make the process for their identification and update more rapid and natural) and should be supported by a broadly supported and widely shared development process.
Annex A. Meta-Overview
In Table A1 , we present the studies selected for the qualitative meta-analysis of SA methods. The reported studies include the main SA features assessed.
